Background {#Sec1}
==========

Intracerebral hemorrhage (ICH) displays the most significant mortality and morbidity rates among all stroke subtypes \[[@CR1]\]. Unfortunately, there has been limited advancement in the management of ICH beyond conventional measures of controlling blood pressure, thromboprophylaxis, and management of post-ICH complications \[[@CR2]\]. Therefore, novel therapeutic approaches based on ICH's unique pathophysiology are still needed in order to better address the needs of ICH patients.

Specifically, the diffusion of thrombin into the brain parenchyma following ICH has been established as a critical factor in ICH's neuropathological effects \[[@CR3]\]. As a potent extracellular signaling molecule, thrombin produces brain edema, inflammation, and apoptosis through binding and activating thrombin receptors in the central nervous system (CNS) \[[@CR4]\]. In addition, thrombin induces secondary brain injury by activating microglia, which subsequently release neurotoxic pro-inflammatory agents---such as tumor necrosis factor-α (TNF-α), interleukin-1α/β (IL-1α/β), interleukin-6 (IL-6), interleukin-12 (IL-12), and cyclooxygenase-2 (COX-2)---into the surrounding brain parenchyma \[[@CR5], [@CR6]\]. In particular, thrombin-induced TNF-α release promotes detrimental tumor necrosis factor receptor (TNFR)-dependent microgliotic responses \[[@CR7]--[@CR9]\]. On this basis, controlling thrombin-driven, TNFR-dependent microglial activation may serve as an appropriate therapeutic target for ICH \[[@CR4]\].

To this end, modulating the expression of microRNAs (miRNAs)---short non-coding RNAs that post-transcriptionally regulate target mRNAs)---has shown promise as a therapeutic tool for various human CNS disease states \[[@CR10]\]. Therefore, in this study, we investigated microRNA-based regulation of thrombin-driven microglial activation using an in vitro thrombin toxicity model applied to primary human microglia. We first determined the differential miRNA profile between thrombin-treated and untreated control microglia. After qRT-PCR validation, we then selected the most significantly downregulated miRNA---hsa-miR-181c (hereinafter miR-181c)---for further investigation. Thereafter, we determined that thrombin-induced miR-181c downregulation is TNF-α/TNFR-dependent and that miR-181c directly binds to and negatively regulates mixed lineage leukemia 1 (MLL1) expression. Finally, in order to better understand the roles of miR-181c and MLL1, we analyzed their effects upon nuclear factor kappa-B (NF-κB) activity and NF-κB target gene expression.

Methods {#Sec2}
=======

Ethics statement {#Sec3}
----------------

The Ethics Committee at The Second Affiliated Hospital of Nanchang University (Nanchang, China) approved the protocols of this study. Written informed consent was obtained from all tissue donors prior to inclusion in this study.

Isolation of human microglia from fresh brain tissue {#Sec4}
----------------------------------------------------

Adult human microglia were isolated from fresh temporal lobe specimens resected from seven non-demented epileptic patients (four females and three males, mean age \[range\]; 36.3 years \[20--60 years\]) at the Department of Neurosurgery at The Second Affiliated Hospital of Nanchang University. In order to isolate the microglia from the brain tissue, Doorn et al.'s optimized protocol for microglia isolation from fresh brain tissue was applied with minor modifications \[[@CR11]\]. Briefly, all the following brain tissue protocols were performed on ice. Immediately after resection, the brain tissue specimens (0.4--0.5 g each) were placed in a Petri dish with ice-cold magnesium and calcium-free saline solution/bovine serum albumin (GKN/BSA) buffer (2 ml). The brain tissue specimens were finely minced with two razor blades. The minced brain tissue was then transferred to a 70-μm pore strainer that was placed atop a conical tube. The minced brain tissue was then gently pushed through the strainer to achieve a single-cell suspension in the conical tube. Ice-cold GKN/BSA buffer (30 ml) was then added to the conical tube. The conical tubes were then centrifuged for 10 min at 300 g at 4 °C. The resulting cell pellet was resuspended in 50% Percoll (1 ml). The cell suspension was placed in a 15-ml polystyrene tube, and 50% Percoll (7 ml) was added to the cell suspension. Then, by pipette, 75% Percoll (4 ml) was gently placed beneath the 50% Percoll layer, while GKN/BSA buffer (3 ml) was gently placed on top of the 50% Percoll layer. The cells in the density gradient were then centrifuged for 30 min at 1300 g at 4 °C.

Post-centrifugation, the 50%/75% Percoll interphase contained the isolated microglia. After carefully removing the topmost layer by pipette, the 50%/75% Percoll interphase was aspirated out to a 15-ml polystyrene tube. The cells were rinsed twice with GKN/BSA buffer (14 ml per rinse). After adding GKN/BSA buffer (14 ml), the cells were centrifuged for 7 min at 300 g at 4 °C and resuspended in GKN/BSA buffer (14 ml).

Magnetic-activated cell sorting (MACS) of human microglia {#Sec5}
---------------------------------------------------------

In order to positively select for microglia and deplete any remaining granulocyte content, Melief et al.'s MACS protocol employing anti-CD15-conjugated magnetic microbeads and anti-CD11b-conjugated magnetic microbeads (Miltenyi Biotec, Bergisch, Gladbach, Germany) was applied as previously described \[[@CR12]\]. Briefly, the cells were incubated with anti-CD15-conjugated magnetic microbeads (8 μl microbeads in 100 μl total buffer volume) for 15 min at 4 °C. Cells were then rinsed, resuspended (500 μl buffer), and placed in an MS column within a magnetic field; and the resulting flow-through (consisting of unlabeled cells) was collected. Cells were rinsed, incubated with anti-CD11b-conjugated magnetic microbeads (15 μl microbeads in 100 μl total buffer volume) for 15 min at 4 °C. Cells were rinsed, resuspended (500 μl buffer), and placed in an MS column within a magnetic field. The resulting eluted microglia were then used for culturing.

Primary culture of human microglia {#Sec6}
----------------------------------

Microglia were then cultured based on Mulder et al.'s protocol \[[@CR13]\]. The microglia were cultured in Dulbecco's Modified Eagle Medium (DMEM) and HAM-F10 (1:1), 10% fetal calf serum (FCS, *v*/*v*), 2 mM L glutamin, 100 IU/ml penicillin, 50 μg/ml streptomycin, 25 μg/ml granulocyte-monocyte colony stimulating factor (GM-CSF) (all Gibco, Shanghai, China) in a humidified incubator (37 °C, 5% CO~2~). Following 10 days in vitro (DIV), microglia were seeded onto 24-well plates (25000 cells/well) for 24 h of culture before treatment with the in vitro thrombin toxicity model.

Thrombin chromogenic assay {#Sec7}
--------------------------

Thrombin's proteolytic activity was assessed with S-2238, a chromogenic thrombin substrate (Chromogenix, Sweden) according to Lee et al.'s protocol \[[@CR14]\]. Briefly, 100 ml samples of 300 nM thrombin (which equates to 39 U/ml \[[@CR15]\]) were pre-incubated in the presence or absence of various concentrations of the thrombin-specific proteolytic inhibitor D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone dihydrochloride (PPACK, BioMol, Plymouth Meeting, PA, USA) at 37 °C. For a negative control, thrombin (100 ml) was heat-inactivated by boiling (100 °C) for 5 min. After 1 h, 1.5 mM S-2238 (50 ml) was added to the thrombin samples for 4 min. Optical density (OD) was then immediately assessed at 405 nm.

In vitro thrombin toxicity model {#Sec8}
--------------------------------

In order to examine thrombin's effects upon microglia after ICH, an in vitro thrombin toxicity model was constructed by applying pharmaceutical-grade recombinant human thrombin (3490 U/mg; ZymoGenetics, Seattle, WA, USA) to the microglia. Previous in vivo research has established that the acute phase of ICH through day 30 post-ICH produces a peak local thrombin concentration range of \~200--400 nM \[[@CR16]\]. In order to best mimic in vivo ICH conditions, we chose 300 nM thrombin (which equates to 39 U/ml \[[@CR15]\]) for our in vitro thrombin toxicity model.

Briefly, a new batch of microglia maintained in microglia medium were placed in a chamber with 5% CO~2~ and 100% humidity for 2 days and were then divided into a thrombin group and a control group. The thrombin group was constructed by applying 300 nM thrombin for a period of 24 h to the microglia as previously described \[[@CR17]\]. In some experiments, thrombin was replaced with the thrombin receptor agonist proteinase-activated receptor-4 (PAR4)-specific activating peptide (PAR4AP) (300 μM) or another thrombin receptor agonist proteinase-activated receptor-1 (PAR1)-specific activating peptide (PAR1AP) (300 μM). In other experiments, the thrombin-specific proteolytic inhibitor PPACK was added to thrombin to reach the effective PPACK concentration of 5 μM. The control group was left untreated under the same culture conditions. RNA extraction was performed at 1, 3, 6, and 12 h after completion of the 24-h thrombin treatment period. The experiments were performed in triplicate.

RNA isolation and miRNA array {#Sec9}
-----------------------------

This procedure was performed as previously described \[[@CR18]\]. Total RNA was extracted from the thrombin and control groups using TRIzol reagent (Invitrogen, San Diego, CA, USA) in accordance with manufacturer's instructions. Small RNAs were isolated using a commercial kit (miRNA Isolation Kit; Ambion, Austin, TX, USA). Array experiments were performed by CapitalBio Corp. (Beijing, China; <http://www.capitalbio.com>) using a human microRNA (miRNA) array (GeneChip miRNA Array; Affymetrix, Santa Clara, CA, USA), which is composed of probe sets from the miRNAs registered in the Sanger miRBase miRNA database (<http://www.mirbase.org>). The experiments were performed in triplicate.

Differential miRNA candidate selection {#Sec10}
--------------------------------------

This procedure was performed as previously described \[[@CR18]\]. The miRNA expression profiles of thrombin-treated microglia were compared against control microglia at 3 h post-thrombin treatment by miRNA microarray. The miRNAs that exhibited significantly altered expression levels between the thrombin and control conditions were identified. The miRNAs exhibiting greater than or equal to 1.5-fold downregulation in the thrombin-treated microglia were selected for quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) validation. The experiments were performed in triplicate.

qRT-PCR validation of select differential miRNA candidates {#Sec11}
----------------------------------------------------------

This procedure was performed as previously described \[[@CR18]\]. qRT-PCR was conducted to compare the relative expression levels (thrombin-treated versus untreated control microglia cells) of the selected downregulated miRNA candidates. TaqMan miRNA assays (Applied Biosystems, Carlsbad, CA, USA) were used to quantify mature miRNA expression levels in accordance with manufacturer's protocol. For each miRNA candidate, qRT-PCR measurements were performed to obtain a mean CT value for each sample. The CT values of the different samples were compared using the 2^−ΔΔCT^ method with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression levels used as an internal reference. The experiments were performed in triplicate.

Target gene identification {#Sec12}
--------------------------

This procedure was performed as previously described \[[@CR18]\]. Based on the qRT-PCR findings, miR-181c was found to be the most significantly downregulated microRNA in thrombin-treated microglia cells. Therefore, the TargetScan database (<http://www.targetscan.org>) was then searched to identify putative human target genes for miR-181c by their 3′ untranslated regions (3′ UTRs). The top five-ranking target genes ranked by TargetScan's total context score are detailed in Table [1](#Tab1){ref-type="table"}. Based on a thorough review of the relevant literature, the highest-ranking gene---relaxin-like factor (RLF)---showed little association with inflammation or immune response. However, the second-ranking gene---mixed lineage leukemia-1 (MLL1)---showed a strong relevance to inflammation and immune response pathways \[[@CR19], [@CR20]\]. Therefore, MLL1 was selected for further investigation as a putative target gene.Table 1Top five-ranking putative target genes for miR-181c from the TargetScan analysisTarget geneRepresentative transcriptGene nameTotal context scoreAggregate *P* ~ct~RLFNM_012421Rearranged L-myc fusion−0.380.83MLL1NM_001197104Myeloid/lymphoid or mixed-lineage leukemia 1−0.370.85ACVR2BNM_001106Activin A receptor, type IIB−0.33\>0.99XRN1NM_0010426045′-3′ Exoribonuclease 1−0.290.69VHLNM_000551Von Hippel-Lindau tumor suppressor−0.280.17

To investigate the relationships between TNF-α, miR-181c, and MLL1 expression, we repeated the in vitro thrombin toxicity model described above. TNF-α, miR-181c, and MLL1 mRNA expression levels at 1, 3, 6, and 12 h after thrombin treatment were measured by qRT-PCR. The experiments were performed in triplicate.

MiRNA vector construction and luciferase reporter assay for miR-181c and MLL1 {#Sec13}
-----------------------------------------------------------------------------

This procedure was performed as previously described \[[@CR18]\]. In order to validate that miR-181c directly suppresses MLL1 expression, a dual-luciferase reporter system was used. To generate the miRNA expression vector, the miR-181c gene was amplified from human genomic DNA and then cloned into the pcDNA3.0 vector (Invitrogen). The open reading frame (ORF) of human MLL1 was amplified and cloned into the pcDNA3.0 vector.

A MLL1 3′-UTR fragment containing wild-type or mutated miR-181c-binding sites was cloned downstream of the luciferase reporter gene. Mutations were generated in the MLL1 3′-UTR sequences complementary to the seed region of miR-181c. Then, the luciferase complexes were constructed by ligating oligonucleotides containing the wild-type or mutated putative target site of the MLL1 3′ UTR into the multi-cloning site of the p-MIR luciferase reporter vector (Ambion).

A synthetic miRNA mimic duplex corresponding to miR-181c---as well as a negative control (NC) RNA duplex for the miRNA mimic duplex---were designed as described previously \[[@CR18]\]. The NC RNA duplex was not homologous to any known human gene sequences. One set of microglia cells was co-transfected with 80 ng of luciferase reporter plasmid, 40 ng of the pRL-TK-Renilla-luciferase plasmid (Promega, Madison, WI, USA), and the miRNA mimic duplex (final concentration of 20 nmol/l). Another set of microglia cells were co-transfected with 80 ng of the luciferase reporter plasmid, 40 ng of the pRL-TK-Renilla-luciferase plasmid (Promega), and the NC RNA duplex (final concentration of 20 nmol/l). The identical co-transfection procedure was performed in HEK293T cells (China Cell Line, Shanghai, China). At 24 h post-transfection, the firefly and Renilla luciferase activities in the microglia and HEK293T cells were measured (Dual-Luciferase Reporter Assay; Promega). The luciferase activity of the NC transfection in each experiment was used to normalize the data; the luciferase activity of the NC transfection was set to unity. Each transfection was repeated twice in triplicate.

Assessment of MLL1 expression after miR-181c mimic treatment {#Sec14}
------------------------------------------------------------

Microglia cells were transfected with miR-181c mimics or NC. After 48 h, MLL1 mRNA and protein expression were evaluated by qRT-PCR and Western blotting, respectively. Western blotting was conducted according to Zhang et al.'s protocol \[[@CR18]\]. Briefly, total protein was extracted, and the total protein content was measured using a commercial bicinchoninic acid (BCA) kit (BCA Protein Assay Kit; Pierce Biotechnology, Rockford, IL, USA). BSA was used as an internal standard. Matching quantities of protein from each group were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). After blocking with 5% non-fat milk, the membrane was incubated with primary antibodies against human MLL1 (rabbit polyclonal; 1:500 dilution) and human GAPDH (rabbit monoclonal; 1:3000 dilution). The blots were incubated for 2 h with horseradish peroxidase-conjugated secondary antibodies (goat; 1:3000 dilution) in blocking buffer at room temperature. The protein bands were then detected using an enhanced chemiluminescence kit (ECL; Amersham Pharmacia Biotech, Uppsala, Sweden). The experiments were performed in triplicate.

Reporter assay for NF-κB-dependent luciferase activity {#Sec15}
------------------------------------------------------

The reporter assay for NF-κB-dependent luciferase activity was conducted as previously described by Lee et al. \[[@CR21]\]. Microglia and HEK293T cells were each co-transfected with a NF-κB-responsive luciferase reporter plasmid that contains four κB binding sites (pNF-κB-Luc, 0.5 μg, Clontech) as well as a pSV-β-galactosidase expression plasmid (0.2 μg, Promega). After 24 h, the microglia and HEK293T cells were subjected to various experimental conditions. The resulting luciferase activities were assessed by a luminometer. The findings were normalized to β-galactosidase activity. The experiments were performed in triplicate.

Knockdown of TNFR and MLL1 expression {#Sec16}
-------------------------------------

Unique siRNAs against human TNFR1, TNFR2, and MLL1 were purchased from Shanghai GenePharma (Shanghai, China) in order to knockdown TNFR and MLL1. For gene silencing, a pSUPER G418 GFP vector containing the relevant siRNA sequence was transfected into the microglia. As a control, a separate population of microglia was transfected with the original pSUPER G418 GFP vector lacking the siRNA sequence. Briefly, forward and reverse oligonucleotide strands containing the relevant siRNA-expressing sequence were annealed. The pSUPER G418 GFP vector was linearized via BgIII and HindIII restriction enzymes. Then, the annealed oligonucleotide strands containing the relevant siRNA-expressing sequence were cloned into the pSUPER GFP G418 vector. The resulting pSUPER GFP G418 vector containing the relevant siRNA-expressing sequence was then transformed into *E. coli*. After culture, the 10 largest *E. coli* colonies were selected. The plasmids extracted from each colony were sequenced to ensure they contained the relevant siRNA-expressing sequence.

One day prior to transfection, microglia were seeded onto six-well plates (500 μl of medium per well) to reach 50% confluence at the moment of transfection. Opti-MEM (60 μl), Superfect transfection reagent (5 μl, Invitrogen), and the cDNA plasmid (2 μg) were mixed and stored for 10 min at room temperature. Microglia were first washed with PBS and washed with Opti-MEM, which was followed by the addition of 350 μl Opti-MEM to each tube. Then, the Opti-MEM was removed and replaced with SuperFect/cDNA. Microglia were then incubated at 37 °C at 5% CO~2~ and 100% humidity. After 3 h of incubation, the medium was changed to microglia medium for an additional culture period of 24 h. Microglia were then screened for the presence of GFP fluorescence through a fluorescence-activated cell sorting (FACS) Aria II. Specifically, the GFP+ microglia subpopulation was sorted apart from the GFP-microglia subpopulation. The GFP+ microglia were cultured for 3 h in serum-free DMEM, and qRT-PCR was then applied to assess mRNA silencing in the GFP+ microglia.

Assessment of expression of NF-κB target genes {#Sec17}
----------------------------------------------

Microglia were transfected with miR-181c mimics or NC. After 48 h, the mRNA expression of four NF-κB target genes---monocyte chemoattractant protein-1 (MCP1), tumor necrosis factor α receptor-associated factor-1 (TRAF1), superoxide dismutase-2 (SOD2), and tumor necrosis factor α-induced protein 3-interacting protein 1 (TNIP1)---was evaluated by qRT-PCR. The experiments were performed in triplicate.

Statistical analysis {#Sec18}
--------------------

Results were expressed as means ± standard errors of the mean (SEMs) from triplicate experiments where noted. Statistical comparisons between experimental groups were performed using a two-tailed Student's *t* test or analysis of variance (ANOVA) with a Bonferroni correction. A statistical significance threshold of *p* \< 0.05 was applied for all comparisons.

Results {#Sec19}
=======

An Affymetrix GeneChip miRNA Array was used to identify differential miRNA candidates in primary human microglia under thrombin-treated versus control conditions. A total of 22 miRNAs exhibited significantly altered expression levels between thrombin-treated and untreated control microglia (Fig. [1a](#Fig1){ref-type="fig"}). Only the miRNAs exhibiting greater than or equal to a 1.5-fold downregulation in thrombin-treated microglia were selected for qRT-PCR validation. As a result, miR-181c was found to be the most significantly downregulated miRNA in thrombin-treated microglia relative to untreated control microglia (Fig. [1b](#Fig1){ref-type="fig"}) and was selected for further investigation.Fig. 1Thrombin downregulates miR-181c in human microglia. **a** Heatmap of the miRNA array identifying differential miRNA candidates. miRNAs exhibiting significantly altered expression between thrombin-treated and untreated control conditions were identified with *red shading* representing downregulation and *green shading* representing upregulation. Experiments performed in triplicate. **b** miRNAs exhibiting ≥1.5 × downregulation in thrombin-treated microglia were selected for qRT-PCR validation. For each miRNA candidate, qRT-PCR measurements were performed to obtain a mean CT value for each sample. CT values of the different samples were compared using the 2^−ΔΔCT^ method with GAPDH expression levels used as an internal reference. All results presented as means ± SEMs from three independent experiments. \**p* \< 0.05, downregulation versus control

TargetScan analysis was then applied to identify putative gene targets for miR-181c. MLL1 was the highest-ranking target gene that showed a strong relevance to inflammation and immune response (Table [1](#Tab1){ref-type="table"}), and further, TargetScan analysis revealed four putative binding sites for miR-181c on the 3′ UTR of MLL1 (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Therefore, MLL1 was selected for further investigation as a candidate target gene of miR-181c.

We then investigated the relationship(s) between miR-181c, MLL1, and the key thrombin-induced pro-inflammatory mediator TNF-α in response to thrombin \[[@CR22]\]. Both TNF-α as well as MLL1 were found to be upregulated following thrombin treatment (Fig. [2a](#Fig2){ref-type="fig"}), and we confirmed inverse relationships between TNF-α and MLL1 expression versus miR-181c levels at 1, 3, 6, and 12 h post-thrombin treatment (Fig. [2a](#Fig2){ref-type="fig"}). Moreover, treatment with the thrombin receptor agonist PAR4AP induced effects similar to thrombin on TNF-α, miR-181c, and MLL1 expression (Fig. [2b](#Fig2){ref-type="fig"}), while treatment with another thrombin receptor agonist PAR1AP failed to induce similar effects to thrombin (Fig. [2b](#Fig2){ref-type="fig"}). These combined findings suggest that thrombin-driven PAR4 activity in human microglia promotes TNF-α and MLL1 expression while suppressing miR-181c levels.Fig. 2Thrombin-driven, PAR4-mediated TNF-α expression downregulates miR-181c and upregulates MLL1. **a** qRT-PCR comparing relative expression levels of TNF-α, miR-181c, and MLL1 at 1, 3, 6, and 12 h after 24-h thrombin treatment. Control indicates untreated control microglia. **b** qRT-PCR comparing relative expression levels of TNF-α, miR-181c, and MLL1 at 3 h following treatment with thrombin, PAR4AP, or PAR1AP. \**p* \< 0.05 versus control, †*p* \< 0.05 versus thrombin, ‡*p* \< 0.05 versus PAR4AP. **c**, **d** qRT-PCR comparing relative expression levels of **c** miR-181c and **d** MLL1 at 3 h following treatment with thrombin or PAR4AP after blocking TNF-α or silencing TNFR1/2. \**p* \< 0.05 versus wild-type microglia, †*p* \< 0.05 versus anti-TNF-α microglia. All results presented as means ± SEMs from three independent experiments. \**p* \< 0.05 versus control

In order to further investigate the relationship(s) between TNF-α, miR-181c, and MLL1 in response to thrombin, we applied TNF-α blocking antibodies, TNFR1/2 silencing, and the thrombin-specific proteolytic inhibitor PPACK to thrombin-treated human microglia. Both anti-TNF-α antibodies and TNFR1/2 silencing significantly suppressed thrombin's (and PAR4AP's) effects upon miR-181c levels (Fig. [2c](#Fig2){ref-type="fig"}) and MLL1 expression (Fig. [2d](#Fig2){ref-type="fig"}), with TNFR1/2 silencing having a more pronounced effect than anti-TNF-α antibodies. Moreover, the addition of the thrombin-specific proteolytic inhibitor PPACK significantly inhibited thrombin's effects upon miR-181c or MLL1 expression (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). These combined findings suggest that thrombin-driven PAR4 activity in human microglia promotes MLL1 expression and suppresses miR-181c levels via TNF-α/TNFR.

As MLL1 and miR-181c levels show an inverse relationship and TargetScan analysis revealed four putative miR-181c binding sites on MLL1's 3′ UTR (Additional file [1](#MOESM1){ref-type="media"}: Figure S1), we hypothesized that miR-181c may directly regulate MLL1 expression in human microglia. In order to test this hypothesis, a dual-luciferase reporter system was used to assess whether mir-181c directly binds to and regulates MLL1. Human MLL1 3′-UTR fragments containing either wild-type or mutated miR-181c-binding sites were cloned downstream of the luciferase reporter gene (Fig. [3a](#Fig3){ref-type="fig"}). We found that miR-181c significantly decreased wild-type (but not mutant) 3′-UTR luciferase reporter activity in both microglia (*p* \< 0.05, Fig. [3b](#Fig3){ref-type="fig"}) and HEK293T cells (*p* \< 0.05, Fig. [3c](#Fig3){ref-type="fig"}), indicating that miR-181c directly suppresses MLL1 expression through binding to its wild-type 3′ UTR. Then, microglia were transfected with either miR-181c mimic or NC duplexes. The miR-181c mimic significantly suppressed both MLL1 mRNA and protein expression (*p* \< 0.05, Fig. [3d](#Fig3){ref-type="fig"}). In sum, the foregoing findings reveal that miR-181c negatively regulates MLL1 expression by binding to its wild-type 3′ UTR.Fig. 3miR-181c suppresses MLL1 expression via 3′-UTR binding. **a** Human MLL1 3′-UTR fragments containing either wild-type or mutated miR-181c-binding sites cloned downstream of the luciferase reporter gene. Mutations were generated in MLL1's 3′-UTR sequences complementary to miR-181c's seed region. **b**, **c** Luciferase activity assays using reporters with either wild-type or mutant human MLL1's 3′-UTRs performed following co-transfection with miR-181c mimics or NC-miR in **b** microglia or **c** HEK293T cells. Luciferase activity of the NC-miR transfection (which was set to unity) used for normalization. **d** Microglia transfected with miR-181c mimic or NC-miR duplexes. After 48 h, MLL1's mRNA and protein expression were evaluated by qRT-PCR and Western blotting, respectively. Control indicates untreated control microglia. NC-miR indicates the negative control for the miR-181c mimics. All results presented as means ± SEMs from three independent experiments. \**p* \< 0.05 versus same-condition control, †*p* \< 0.05 versus same-condition NC-miR

As thrombin activates the transcription factor NF-κB and MLL1 is recruited by NF-κB's p52 subunit, we tested NF-κB activity through a NF-κB-dependent luciferase reporter assay under various experimental conditions. Thrombin treatment significantly increased NF-κB activity in both microglia and HEK293T cells (*p* \< 0.05, Fig. [4a](#Fig4){ref-type="fig"}). Under both the untreated control and thrombin-treated conditions, miR-181c significantly reduced NF-κB activity in both microglia and HEK293T cells (*p* \< 0.05, Fig. [4a](#Fig4){ref-type="fig"}).Fig. 4Assessment of NF-κB activity by luciferase assay. **a** Relative NF-κB luciferase activity in microglia and HEK293T cells under the various experimental conditions. **b** MLL1 knockdown in MLL1-silenced microglia was validated by qRT-PCR and Western blotting. **c** Relative NF-κB luciferase activity in MLL1+ and MLL1-silenced microglia under the various experimental conditions. Control condition indicates untreated cells, while thrombin indicates thrombin-treated cells. NC-miR indicates the negative control for the miR-181c mimics. All results presented as means ± SEMs from three independent experiments. \**p* \< 0.05 versus same-condition control, †*p* \< 0.05 versus same-condition NC-miR, ‡*p* \< 0.05, same-condition wild-type versus MLL1-siRNA microglia

We then repeated the identical experimental procedure in order to compare NF-κB activity in wild-type (MLL1+) and MLL1-silenced microglia, wherein MLL1 knockdown was validated by qRT-PCR and Western blotting (Fig. [4b](#Fig4){ref-type="fig"}). Thrombin treatment significantly increased NF-κB activity in both wild-type and MLL1-silenced microglia (*p* \< 0.05, Fig. [4c](#Fig4){ref-type="fig"}). Moreover, under both the untreated control and thrombin-treated conditions, miR-181c significantly reduced NF-κB activity in both wild-type and MLL1-silenced microglia (*p* \< 0.05, Fig. [4c](#Fig4){ref-type="fig"}). Under all experimental conditions, there were no significant differences in NF-κB activity detected between wild-type and MLL1-silenced microglia (*p* \> 0.05, Fig. [4c](#Fig4){ref-type="fig"}). In sum, under both untreated control and thrombin-treated conditions, MLL1 expression has a negligible effect upon NF-κB activity, while miR-181c significantly reduces NF-κB activity independent of MLL1.

We then studied the role of MLL1 in NF-κB signaling by comparatively assaying the mRNA expression of NF-κB target genes in wild-type and MLL1-silenced microglia. Four NF-κB target genes were assayed: two genes which have previously demonstrated MLL1 dependence (MCP1 and TRAF1) and two genes which have previously demonstrated MLL1 independence (SOD2 and TNIP1) \[[@CR19]\]. Thrombin treatment significantly increased MCP1 expression in both wild-type and MLL1-silenced microglia (*p* \< 0.05, Fig. [5a](#Fig5){ref-type="fig"}). Under both the untreated control and thrombin-treated conditions, miR-181c significantly reduced MCP1 expression in both wild-type and MLL1-silenced microglia (*p* \< 0.05, Fig. [5a](#Fig5){ref-type="fig"}). Under all experimental conditions, MLL1-silenced microglia showed significantly lower MCP1 expression relative to wild-type microglia (*p* \< 0.05, Fig. [5a](#Fig5){ref-type="fig"}). The same pattern of findings was found for TRAF1 (Fig. [5b](#Fig5){ref-type="fig"}). In sum, under both untreated control and thrombin-treated conditions, MLL1 expression has a significantly positive effect upon MCP1 and TRAF1 expression, while miR-181c significantly reduces MCP1 and TRAF1 expression independent of MLL1.Fig. 5Assessment of NF-κB target gene expression by qRT-PCR. qRT-PCR assessing relative mRNA expression of **a** MCP1, **b** TRAF1, **c** SOD2, and **d** TNIP1 under the various experimental conditions. Control condition indicates untreated cells, while thrombin indicates thrombin-treated cells. NC-miR indicates the negative control for the miR-181c mimics. All results presented as means ± SEMs from three independent experiments. \**p* \< 0.05 versus same-condition control, †*p* \< 0.05 versus same-condition NC-miR, ‡*p* \< 0.05, same-condition wild-type versus MLL1-siRNA microglia

We then repeated the identical experimental procedure in order to compare SOD2 and TNIP1 mRNA expression in wild-type and MLL1-silenced microglia. Thrombin treatment significantly increased SOD2 expression in both wild-type and MLL1-silenced microglia (*p* \< 0.05, Fig. [5c](#Fig5){ref-type="fig"}). Under both the untreated control and thrombin-treated conditions, miR-181c significantly reduced SOD2 expression in both wild-type and MLL1-silenced microglia (*p* \< 0.05, Fig. [5c](#Fig5){ref-type="fig"}). Under all experimental conditions, there was no significant difference in SOD2 expression between wild-type and MLL1-silenced microglia (*p* \> 0.05, Fig. [5c](#Fig5){ref-type="fig"}). The same pattern of findings was found for TNIP1 (Fig. [5d](#Fig5){ref-type="fig"}). In sum, under both untreated control and thrombin-treated conditions, MLL1 expression has negligible effects upon SOD2 and TNIP1 expression, while miR-181c significantly reduced SOD2 and TNIP1 expression independent of MLL1.

Discussion {#Sec20}
==========

In this study, we investigated microRNA-based regulation of thrombin-driven microglial activation in primary human microglia using an in vitro thrombin toxicity model. First, we found that thrombin or PAR4AP induces significant miR-181c downregulation and significant MLL1 upregulation in primary human microglia that are dependent upon TNF-α/TNFR. Second, we found that miR-181c directly binds to and negatively regulates MLL1 expression in microglia. Third, we found that miR-181c was able to negatively regulate NF-κB activity independent of MLL1. Fourth, while MLL1 expression significantly impacts MLL1-dependent NF-κB target gene expression (i.e., MCP1 and TRAF1) but showed negligible impact upon MLL1-independent NF-κB target gene expression (i.e., SOD2 and TNIP1), miR-181c was able to significantly reduce the expression of all four NF-κB target genes independent of MLL1. In sum, thrombin-induced, TNF-α/TNFR-dependent miR-181c downregulation promotes MLL1 expression, increases NF-κB activity, and upregulates NF-κB target gene expression in human microglia (Additional file [3](#MOESM3){ref-type="media"}: Figure S3).

The microRNA miR-181c has been previously linked with several neurological pathologies, including lipopolysaccharide (LPS)-induced miR-181c downregulation in mice \[[@CR23]\], miR-181c downregulation in amyloid β-depositing APP23 transgenic mice and human Alzheimer's disease tissue \[[@CR24]\], middle cerebral artery occlusion-induced miR-181c upregulation in rats \[[@CR25]\], and differential miR-181c expression in cerebrospinal fluid samples from multiple sclerosis patients relative to those from other neurologic diseases \[[@CR26]\]. With specific respect to microglia cells, Zhang et al. discovered that oxygen-glucose deprivation (OGD) significantly downregulates miR-181c expression in rodent microglial cells \[[@CR18], [@CR27]\]. Consistent with Zhang et al.'s findings, we found that thrombin also induced significant miR-181c downregulation in human microglia (Fig. [1b](#Fig1){ref-type="fig"}).

Moreover, consistent with Hutchinson et al.'s work in cultured astrocytes \[[@CR23]\], we also showed that this thrombin-induced miR-181c downregulation is dependent upon TNF-α/TNFR (Fig. [2](#Fig2){ref-type="fig"}). Specifically, treatment with thrombin or PAR4AP was able to induce TNF-α expression and miR-181c downregulation, an effect reversed by anti-TNF-α antibody therapy or TNFR1/2 silencing. Of note, several previous studies in microglia have provided conflicting results regarding thrombin's effect upon TNF-α expression. Early studies in this field were plagued by the use of contaminated plasma-derived thrombin as opposed to pharmaceutical-grade recombinant thrombin \[[@CR28]\]. However, even the proper use of recombinant thrombin has produced conflicting results regarding TNF-α release in microglia. For example, consistent with our findings, Suo et al. demonstrated that recombinant thrombin and PAR4AP (but not PAR1AP) induced dose-dependent TNF-α release in murine microglia in vitro \[[@CR22], [@CR29]\]. In contrast, Weinstein et al. found that recombinant thrombin failed to trigger TNF-α expression in murine microglia in vitro \[[@CR15]\]. As these two previous studies used different thrombin suppliers and different culture conditions, it is possible that these discrepancies in TNF-α release may be attributable to differences in the recombinant thrombin stocks or culture conditions. Moreover, as these two previous studies used murine microglia, our findings may also be attributable to inherent differences in PAR4 expression and/or sensitivity between cultured human and murine microglia. Further research is required to elucidate thrombin's role in TNF-α release from human microglia.

The transcription factor NF-κB is well regarded as a key mediator of inflammation \[[@CR30]\]. Dysregulated NF-κB activation has been linked with various inflammatory disease states, including Alzheimer's disease, arthritis, asthma, atherosclerosis, chronic obstructive pulmonary disease, idiopathic pulmonary fibrosis, and inflammatory bowel disease \[[@CR30]\]. NF-κB is a dimer that can be composed of either a RELA (p65)/p50 complex (NFKB1, which participates in the canonical pathway) or a RELB/p52 complex (NFKB2, which participates in the non-canonical pathway) \[[@CR31]\]. The canonical pathway primarily affects inflammation, cellular survival, and cellular proliferation, while the non-canonical pathway primarily affects lymphomagenesis \[[@CR31]\]. With respect to the canonical pathway, several pro-inflammatory factors---including thrombin, TNF-α, IL-1, and LPS---have been shown to activate the RELA (p65)/p50 complex through phosphorylating IκB via the IκB kinase (IKK) complex, an action which allows nuclear translocation of the RELA (p65)/p50 complex and subsequent target gene expression \[[@CR30], [@CR31]\]. Consistent with these previous findings, we confirmed that thrombin treatment significantly increases NF-κB activity in both microglia and HEK293T cells (Fig. [4a](#Fig4){ref-type="fig"}). In addition, consistent with Zhang et al.'s findings in rat microglial cells \[[@CR27]\], we found that miR-181c also inhibited NF-κB activation in human microglia (Fig. [4a](#Fig4){ref-type="fig"}).

MLL1 is an H3K4 methyltransferase possessing a conserved catalytic SET domain for methylating histone H3K4 \[[@CR32]\]. MLL1 functions as a key transcription factor, regulating \~5% of actively transcribed genes \[[@CR33]\]. Although the precise mechanism by which MLL1 regulates gene transcription remains unknown, MLL1 typically associates with transcriptionally active chromatins in G1 phase and dissociates from condensed chromatin during mitosis \[[@CR34]\]. With regard to the relationship between NF-κB and MLL1, Robert et al. demonstrated that p52 recruits MLL1 to the matrix metalloproteinase-9 promoter \[[@CR35]\], Kuo et al. showed that the RELA (p65)/p50 complex is required for MLL1's attachment to the promoters of its target genes \[[@CR36]\], and Wang et al. demonstrated that MLL1 associates with RELA (p65) in the cytoplasm and promotes the expression of NF-κB target genes in TNF-α and LPS models without altering RELA activity \[[@CR19]\]. Consistent with Wang et al.'s findings, we confirmed that NF-κB activity was not significantly altered by MLL1 silencing in microglia (Fig. [4c](#Fig4){ref-type="fig"}). Moreover, although we showed that miR-181c binds to and negatively regulates MLL1 expression (Fig. [3](#Fig3){ref-type="fig"}), we found that miR-181c inhibited NF-κB activation in microglia independent of MLL1 (Fig. [4c](#Fig4){ref-type="fig"}).

Having established the effects of miR-181c and MLL1 upon NF-κB activation, we next analyzed their effects upon NF-κB target genes. Wang et al. identified a subset of MLL1-dependent genes whose expression was significantly impaired through MLL1 silencing (e.g., MCP1, TRAF1, NF-κ light chain gene enhancer in B cells inhibitor alpha (NFKBIA), and A20) and a subset of MLL1-independent genes whose expression was not significantly altered through MLL1 silencing (e.g., SOD2 and TNIP1), suggesting that MLL1 selectively regulates NF-κB target genes \[[@CR19]\]. Therefore, here, we selected two MLL1-dependent genes (MCP1 and TRAF1) and two MLL1-independent genes (SOD2 and TNIP1) in order to test this hypothesis in microglia. We found that MLL1 expression significantly impacts MLL1-dependent NF-κB target gene expression (i.e., MCP1 and TRAF1; Fig. [5a, b](#Fig5){ref-type="fig"}) but showed negligible impact upon MLL1-independent NF-κB target gene expression (i.e., SOD2 and TNIP1; Fig. [5c, d](#Fig5){ref-type="fig"}). However, miR-181c significantly reduced the expression of all four of these NF-κB target genes independent of MLL1 (Fig. [5](#Fig5){ref-type="fig"}).

These combined findings suggest that, although miR-181c negatively regulates MLL1 expression, miR-181c is able to inhibit NF-κB activation and downregulate NF-κB target gene expression through mechanism(s) independent of MLL1. Several previous studies have shown that miR-181c negatively regulates other key signaling proteins (such as TNF-α) that are able to activate NF-κB and promote expression of its target genes \[[@CR18]\]. Therefore, we hypothesize that miR-181c acts to suppress NF-κB activation and downregulate NF-κB target gene expression through these other NF-κB-associated signaling pathways. As NF-κB activation has been shown to promote the expression of various pro-inflammatory factors (e.g., TNF-α, IL-1β, and inducible nitric oxide synthase (iNOS)) \[[@CR27]\] and we have shown that miR-181c suppresses NF-κB activation in human microglia under thrombin-treated conditions, the current findings suggest that miR-181c mimic therapy may show promise in controlling thrombin-driven microglial activation following ICH.

There are several limitations to this study. First, these findings concern an in vitro thrombin toxicity model of primary human microglia cultured from resected brain tissue, which may not necessarily reflect the post-ICH in vivo changes to human microglia nor those for other human brain cell types. Second, although this study suggests that thrombin-driven PAR4 activity induces significant miR-181c downregulation that is dependent upon TNF-α/TNFR, the precise mechanism by which the TNF-α/TNFR pathway downregulates miR-181c in microglia remains an open question. Third, although we show that miR-181c is capable of negatively regulating NF-κB activity and the expression of NF-κB target genes independent of MLL1, the precise alternative mechanism(s) by which it does so remain unclear.

Conclusions {#Sec21}
===========

In conclusion, thrombin-induced, TNF-α/TNFR-dependent miR-181c downregulation promotes MLL1 expression, increases NF-κB activity, and upregulates NF-κB target gene expression in human microglia. As miR-181c opposes thrombin's stimulation of pro-inflammatory NF-κB activity, these findings suggest that miR-181c mimic therapy may show promise in controlling thrombin-driven microglial activation following ICH. Further study on the molecular effects of miR-181c across a broader range of brain cells is needed to assess any potential therapeutic benefits for ICH.
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Additional file 1: Figure S1.miR-181c's putative binding sites on MLL1's 3′-UTR. Four putative binding sites for miR-181c on the 3′-UTR of MLL1 based on the TargetScan search. (TIF 429 kb) Additional file 2: Figure S2.Thrombin's proteolytic activity contributed to its effects upon miR-181c and MLL1 expression in human microglia. (A) Validation of the thrombin-specific proteolytic inhibitor PPACK's inhibition of thrombin activity. Thrombin's proteolytic activity was measured via a chromogenic assay following pre-incubation in the absence or presence of various concentrations of PPACK. Heat-inactivated (boiled) thrombin was applied as a negative control. \**p* \< 0.05 versus control, †*p* \< 0.05 versus boiled thrombin, ‡*p* \< 0.05 versus thrombin. (B) Pre-incubating with PPACK significantly inhibited thrombin's effects upon miR-181c and MLL1 expression. \**p* \< 0.05 versus control, †*p* \< 0.05 versus thrombin. (TIF 598 kb) Additional file 3: Figure S3.Schematic overview of thrombin's effects upon miR-181c and MLL1 in human microglia. Thrombin (via PAR4) induces TNF-α secretion from human microglia \[[@CR21]\]. Thrombin-induced TNF-α (via TNFR) suppresses miR-181c levels. This suppression of the inhibitory miR-181c promotes MLL1 expression, increases NF-κB activity, and upregulates downstream NF-κB target gene expression in human microglia. (JPG 456 kb)
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